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ABSTRACT

Altitude variations of different types of positive ions in the lonosphere
obtained from rocket-borne experiments, have supplemented the collective in-
formation of ions obtained from ground-based experiments and have given ad-
ditional information of the ionized layers of the upper atmosphere. Among
other conclusions it is shown that, whereas for ot and Ng, photoionization is
important,greater numbers of O; and NO* ions are created by charge exchange
or ion-atom interchange reactions from ions originally produced by solar rays.
This conclusion is confirmed by the observed low densities of 0" and N ions
at night. It is proposed that the conclusion can be settled conclusively by
noting the variation of positive ion densities during a flare or at an eclipse.

Analysis of the data shows that at each level between 100 and 280 km the
total rate of production of different types of positive ions by solar rays is
approximately equal to their total loss rate. Since the lifetimes of ions are
small, the steady state is reached within a short time when the divergence
term becomes nearly equal to zero.

To understand the overall loss rates of positive ions in the ionosphere,
the effective recombination coefficient of positive ions with electrons is de-
fined in line with the effective electron recombination coefficient, and its
values for various types of recombinations are given.
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1. INTRODUCTION

For understanding the ionized layers of the upper atmosphere, one should
consider the production of electrons, their loss and movements (diffusion and/
or drift). A first requirement for the formulation of their theory is a
knowledge of electron density as a function of height. To have a detailed
understanding of these layers, one should know in addition to the electron
density distribution, the altitude variation of each constituent positive ion
density. The latter information is now available from rocket-borne mass spec-
trometers and dispersive Doppler radio propagation experiments. It has sup-
plemented the collective information of ions obtained from ground-based ex-
periments and has enabled one to obtain additional information of the ionos-
Phere.

A problem of considerable significance is to find out which of the posi-
tive ions present in the ionosphere is produced directly by solar rays and
which ones by charge exchange or ion-atom interchange with neutral particles
from ions originally produced by solar rays (corpuscular ionizing influence
is small except at high altitudes or during periods of solar activity). The
question can be answered by determining the density of positive ions in the
absence of solar rays. For example, if they are produced by EUV and X-rays
emanated from the sun, the lon density would then vary directly with solar
rays, l1.e., with the ll-year solar cycle, the zenith angle and solar condi-
tions. Observations of the change of positive ion density with the sun's
position, namely, the rapid density decrease at night, would therefore con-
firm their production by solar photons. Doubtless this issue can be settled
conclusively by noting the increase of the positive ion density during a
flare, or from its decreasing during an eclipse.

This and other problems arise concerning the ionosphere. Based upon the
recent rocket measurements of positive ion density in the upper atmosphere
and laboratory measurements of rate coefficients of reactions involving atmos-
pheric constituents, an attempt has been made to elucidate the characteristics
of the iloncsphere at daytime during s period of minimum solar activity.
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2. MASS~SPECTROMETRIC ANALYSIS OF POSITIVE IONS

Using rocket-borne mass spectrometers and dispersive Doppler radio prop-
agation experiments during the last period of solar minimum activity, daytime
altitude variations of positive ions¥* between an altitude of 100-280 km
averaged from observations made by different investigators are shown in Fig.
1. For certain ions, to obtain distributions for the whole altitude range,
the observed curves have been extrapolated and are shown by broken curves.
These observations show that during daytime, 0t is the major positive ion
above 180 km and between 100-160 km, 0F and NO* ions predominate. NE is a
minor ion in the ionosphere (Johnson, 1966 and others). The electron density
is assumed to be the sum of the individual positive ion densities (Fig. 1).

The observed positive ion density distributions at night for the same

minimum solar activity period (Holmes, et al., 1965) are also shown in Fig. 1.

Note the low densities of 0% and N ions and the rapid fall of Ot ions from
230 km with the decreasing altitude at night.

*Concentrations of ions at solar maximum may be higher by one order (Istomin,

1965).
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3. PRODUCTION OF POSITIVE IONS

PHOTOPRODUCTION OF POSITIVE IONS

Photoproduction rates of O+, OE, and N§ ions 1n the upper atmosphere for
overhead sun obtained by Hinteregger, et al. (1965) are shown in Figs. 2-k,
The NO* ion production rate (Fig. 5) by Lyman-a (having a flux of 2.7x1011
photons/cm® sec outside the earth's atmosphere) is calculated* after assuming
the altitude distribution of NO given by Ghosh (1966) and its ionization cross
section as 2x10-18 cme@, Before lonizing NO, Lyman~-O radiations are partially
absorbed by Oz (absorption coefficient = 1x10720 cm2 at Lyman-&). The photo-
production rate of N* (Fig. 6) is obtained from that of 01 given by Hinteregger
and the ratio of photoionization cross sections of 0 and N atoms given by
Dalgarno, et al. (1960).

The spectral ranges which contribute significantly for the production of
ions at different altitudes are given in Table 1.

Table 1 shows that as solar rays penetrate the atmosphere, O+, Og, and Nt
ions are produced significantly by utilizing 700-350A radiations. Then, on
penetrating deeper between 100-160 km, two spectral ranges, between the
threshold first ionization wavelength and TOOA, and 300-1A are mainly utilized
for additional production of these ions.

POSITIVE ION PRODUCTION BY CHARGE EXCHANGE AND ION-ATOM INTERCHANGE

The dissociative recombination, charge exchange and ion-atom interchange
reactions involving 0%, 0%, N&, NO*, and N* ions and atmospheric gases and their
rate coefficients are given in Table 2. The altitude variations of the total
rate of production of ions (by photons plus exchange of charge) and their total
loss rate (by recombination, charge exchange or ion-atom interchange) for each
ion are shown in Figs. 2-6. The production and loss rates are calculated by
using the usual formula, namely, the rate is equal to the product of rate co-
efficients and concentrations of the reacting particles.

*The photoionization rate at an altitude z is calculated by using the well-
known formula, namely

n(N0),QN(hv),

where n(NO), is the concentration of NO at an altitude z, Q its ionization
cross section for 1216A and N(hv), is the photon-flux for overhead sun.

5



TABLE 1

MAJOR RADIATIONS UTILIZED FOR PRODUCTION OF POSITIVE IONS

Positive Ion

Altitude Range (km)

Spectral Range (A)

0+

100-280
150-280
100-140

130-160
160-280
100-160

100-150
150-280

100-180
160-280
110-180

100-280

310-1
665-435
911-73%2

310-1
681-443
1027-765

255-1
659-355

310-1
665-435
852-732

1216




REACTIONS BETWEEN

TABLE 2

POSITIVE IONS AND ATMOSPHERIC GASES IN THE IONOSPHERE

Coefficlent Used for Computation

Positive Ion Reaction (cm? sec-1)
o* 0t +NO+0Z+N 4.6x1078 exp(~4500/RT)(Goldan, et al., 1966)
OF+N+NOHHN L4,2x10-12 exp(-h"(OéRT)(Danilov, 1966)
0++00+0% 8x10-12 (1200/7)1/
0+ +NO+0+NO*+ 4.6x10-8 exp(-4500/RT)(Goldan, et al., 1966)
02 02+&+0+0 2.6x10°T &t 300°K and varies as 1/T (Whitten, et al., 1965)
OB+ N+ NOT+10 7.5x10-11 T1/2 exp(-8500 /RT )*
03+NO+NO*40, 2x10~7 exp(-4500/RT )**
oF+MNot+0 2.9x10"9 exp(~1590/RT)(Goldan, et al., 1966)
N NE+er 1N 7x10~7T at 300°K, veries as 1/T (Whitten, et al., 1965)
W+ No+NT 4x10~9 exp(~3560/RT)
’NO++NO
N+0% 2x10~10 (Whitten, et al., 1965 )%**
Ny At - =
No+02
’NO++N
N'§+ON 1.0x1077 exp(~3560/RT ) (Ferguson, et al., 1965 )%
No+ot
NE+NOsNp+NOt 5x10~10
Mo+ WO e+ T+0 3.5%x10"7 at 300°K, varies as 1/T (Whitten, et al., 1965)
w* WHNOANO™ + I 8x10710 (Goldan, et al., 1966)
NOt+0
N*+05" . 1x10™7 (Goldan, et al., 1966)%¥*
NVN+02
WH+0+1+0™ 1x10~10

*For this reactlon, activation energy is large (Nicolet, 1965b).
*¥*¥To reduce the loss rate of 0; ions, the coefflcient is assumed to have a value nearly equasl
to the lower limiting value given by Goldan, et al. (1966).
*¥¥Contribution to each reactlon is assumed equal.



Ions, neutral particles, and electrons are assumed to be in thermal
equilibrium and to have temperatures given by CIRA, 1965.%

Major production and loss reactions of positive ions at different altitude
ranges are given in Table 3,

From the production and loss rates of different types of positive ions,
certain conclusions can be made.

1. The above figures show that photoionization is important for the pro-
duction of 0+, N, and N* ions. For O;, a large number of ions is produced by
a charge exchange or ion-atom interchange from O ions originally created by
rhotons. NO* ions are produced mainly by charge exchange or ion-atom inter-
change from 0% ions produced by solar rays or from Og ions. Owing to the low
ionization potential of NO (9.5 ev) and high NOt dissociation energy (9.4 or
10.6 ev), MOt ions do not undergo charge exchange or ion-atom interchange
with atmospheric gases.

In conformity with the above conclusion the rocket-borne mass spectrom-
eters showed low densities of 0% and N3 ions at night (Fig. 1). To decide
conclusively that they are produced by solar rays, it is desired to determine
their densities during a flare, or at an eclipse.

+

2. Unlike Oz and No* ions, NE do not disappear mainly by dissociative
recombination with electrons, but by first forming Not ions through the re-
action

NS+ 0+ N0t

which then undergo dissociative recombination with electrons. The interchange
process occurs for the whole altitude range 100-280 km. Whereas for o* and
05 ions, major loss processes are ion-atom interchange with all atmospheric
gases, NE ions react only with O atoms.

3. From Figs. 2-4 it appears that, within the accuracy of the coeffi-
cients of reactions, for each of 0%, N}, and 03 ions, the rate of production
of ions at each level of the altitude range 100-280 km nearly balances the
loss rate. On the other hand, for NO* ions, the production rate is very much
greater than the loss rate (Fig. 5) and the reverse for N' ions (Fig. 6) (un-
less the coefficients of reactions are changed, the loss rates will not alter
as they have been calculated from the observed ion and electron densities).

*¥Actually for the whole altitude range 100-280 km, they are not in thermal
equilibrium (Thomas, 1966)., However, in the absence of accurate information
of the temperature variation of rate coefficients, thermal equilibrium be-
tween different particles of the ilonosphere has been assumed.

8




TABIE 3

MAJOR PRODUCTION AND LOSS REACTIONS IN THE IONOSPHERE

Positive Production Process Loss Process
Ton Reaction Altitude (km) Reaction Altitude (km)
ot 0+n+0 +e Photoproduction is O 4+ N+ NOH4N 280-100
important through-
out 100-280 km 0+ NO+OS+N 250-175
0F+05+0+08 175-100
NG Not+hy>Ni+e Photoproduction is Na+O+NOT+N 280-100

important through-
out 100-280 km

0% Oo+hy+03+e 100-160 0%+e+0+0 280-220 and
120-100
0+ +0.+05+0 160-190 0F+NO+NO++05 280-1%0
o+ NO+05+N 160-280 03+ No+NOH+NO 280-100
o+ N0 t40 280~-100
no* NE+O+NOH+N 280-190 NO++e+N+0 280-100
04+NO+N0 402
OF+No+NOT+NO 280-120
03+N¥Not+0
04N+ MO T +N 220-180
+ : + ;
N N+hv+Nr+e Photoproduction is 102+1\T 280-100
important through-~ N++02
out 100-280 km ¥notio

Note: Owing to the uncertainties in the value of the cross section for N2+h1r*N+N++e 3
the reaction 1s not considered (McElroy, 196‘7).



The inequality between these rates for N+ ions cannot be resolved by postulating
a new source of lonization, for example, high-energy particles from the sun be-
cause it is hardly possible that these particles will ionize N atoms alone,

but not NO molecules having lower ionization potential.

4. Calculations show that at each level in the altitude range 100-280 km,
the total rate of production of positive ions by solar rays is approximately
equal to their total loss rate (Fig. 7), which is carried in the final stage
by dissociative recombinations. Therefore

Qil0ln(hvy) + Qa[N2ln(hva) + Qzl02]n(hvs) + Qu[NOIn(hvs) + Qs[N]n(hvs)

o=

ap, [(ME1le] + op,[02][e] + op [NO*]le]

where Q's are ionization cross sections by photons of frequencies v's and
aD's are dissociative recombination coefficients of molecular ions with elec-
trons.

Since the lifetimes of ions are small (Table 4),* the steady state is
quickly reached. Using the contlnulty equation, we have then

ot
0 = dtl = Zqi - ZL; - div (Zn;wi)

wgere q; and L; are the production and loss rates of positive ions of density
n; and having vertical velocity wj. Since Zqi is nearly equal to ZLi the
divergence term is approximately zero.

*Note that for N3 and NO* ions, the lifetimes are nearly constant for the whole
100-280 km altitude range.

10




TABLE L

LIFETIMES OF DIFFERENT POSITIVE IONS IN THE IONOSPHERE

Lifetimes (sec) of Positive Ions

Altitude

(km) o* 0% N+ N No*

100 5.0x10"1 3,8x10% 1.0x10° 5.0x1071 4.5%x10%
110 5.0x10" T 1.9x10% 1.0x10° 4.8x1071 2.6x101
120 7.4x10"1 2.2x101 1.0x10° L. 7x10"1 %.8x101
130 1.9x10° 1.4x01 1.0x1° 4.9x1071 8.2x10%
140 L. 7x100 6.9x10° 1.0x10P k. hx10"1 8.7x10%
150 8. 9x100 5. 5%x10° 1.0x10° 5.5x107% 9,5x10%
160 1.5x101 4. 5x100 9.7x1071 6.6x10"1 9.3x10%
170 2.2x10% 4 .2x10° 1.0x1c° 7.2x1071 8.6x101
180 %.1x101 3.8x10° 1.3x1cP 7.8x10"1 7.6x10%
190 4.6x10% 3. 7x10° 2.1x10° 8.2x1071 6.6x10%
200 6.6x10% 4. 0x10P 3. bx1 P 8.1x10°1 5. hx101
220 1.3x10° 7.2x10° 7.8x10° 8.4x10"1 4. hx10t
240 2.4x10° 1.0x10+ 2.1x101 8.6x10"1 3.8x10!
250 3.5x10° 1.1x10% 3.3x101 8.7x10"1 3. 7x101
260 5.1x10° 1.2x10% 5.1x10" 9.0x10™+ 4. hx10t
280 1.4x103 1.2x10% 1.2x102 9.3%x10"1 7.5%x101

11
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4, EFFECTIVE RECOMBINATION COEFFICIENT OF POSITIVE IONS

Before considering the effective recombination coefficient of positive
ions, let us first consider it for free electrons. They may be lost by
varlous processes, namely, by simple recombination with positive ions, the
so-called radiative recombination, or by a complicated process for example,
by attachment to neutral atoms to form negative ions and then their subse-
quent loss by ionic recombination with positive ions. However, whatever be
the process of recombination, the electron decay can be written as if the net
effect is a simple recombination with positive ions (Mitra, 1952). In other
words

+
—= = deff - aeffnez‘ni

where doff and Qgpe are effective production rate and effective recombination
coefficilent of electrons, respectively. Assuming that the total positive ion

density, Zn;, is equal to the electron density, ne, we have

dng 5 _
T = %err " %ersfe (1)

For positive ions also, instead of a simple recombination with electrons,
the process of their loss can be quite complicated. They may undergo charge
exchange or ion-atom interchange with neutral molecular gas to form molecular
ions, which are then lost by dissociative recombination with electrons. Like
free electrons, one can consider that the net loss of a particular type of
positive ions of density, n+, is a simple recombination with electrons, namely

i
+
dni . .
— — 1 - 1 +
o~ %err T Yerrfife (@)

where qéff and aéff are the effective production rate and.effective recombina-
tion coefficient of the positive ions of the ith type. ol is the coeffi-
cient which the positive ion of the ith type should have ?n.order to produce
the actual loss rate assuming that it disappears by a simple recombination
process with electrons. Therefore depending upon the condition of the layer,
the effective recombination coefficient of a particular type of positive ion
may differ in different ionized layers. Like electrons, the effective re-
combination coefficient of positive ions gives the overall recombination with
electrons and a comparison of their values shows the relative efficiency of

different types of positive ions in disappearing in the ionosphere.

13



As an example, let us find from the above definitions, the effective re-
combination coefficients of both electrons and positive ions which recombine
by the following processes, namely that, in addition to radiative recombina-
tion with electrons, positive ions undergo ionic recombination, i.e., the
electrons are at first attached to neutral gas particles to form negative
ions, which then recombine with positive ions (the negative ions may be lost
by photodetachment or collisional detachment).

The rate of density variation of a particular type of positive ion is
given by

+
dnj

dt

+
4 - (aelnlne+niza13 J)

= 9 - (Qelne+za13 J)

where Qej and @ 4 are radiative and ionic recombination ccefficients of the

ith type of positive iomns.

Therefore comparing with Eq. (2), we have

i _

Terr 7 U
. 200 snT
i _ ) 130y

To find the effective recombination coefficient of electrons, consider
the time rate of variation of negative ion and electron densities which are
given by

dZnE
- - 5 - + -
at = neZBini - ing - ning - ZoclaninJ

and
dn -
e - Yoy - nByny + Tpgnj + nlnynj - noloyn}

where n, Bi, Py, and N; are neutral particle density, attachment, photodetach-
ment coefficlents, respectively. Adding, one obtains

- + - +
& (ne#ln) = oy - Zoyyninj - ndleini

1k




Assuming

Yni = ne + In] = ne(14N) where A = Ini/ne
we have
d o N
= (ne+Xne) = Zhi - (Zaijnin'+nezaeini)
dne . -
Pe - T4 L (T utniemgognt)

dt 1+n 1+ Y

assuming A does not vary with time. Therefore, comparing with Eq. (1), we
have

Qerf = —=
14
and
1 -
Oerr = —=—— (204 sninj+nedoeint)
(1+n)n2

RELATION BETWEEN TWO EFFECTIVE RECOMBINATION COEFFICIENTS

From Eq. (2), we have

arnt . .
1l i i +
= quff - nezaeffni
at
or,
d _ i i +
= (1-Mne = Zagpp - nllgpen]

If the density of negative ions is small as in E and F regions, we have from
Eq. (1)

dne . .
—_ = EC( + -
w Zagrr - 0e20grend = Qopp - Cerem3

15



Therefore

= i
Gepr = gr
iooF yi 4 L
U = effi1 eff?ifle  Total loss rate of positive ions
© Ne ng ng

Table 5 gives the expressions of the effective electron recombination coeffic-
ients and effective positive ion recombination coefficients for different types
of recombination processes.

Table 6 shows that the following positive ions have high recombination
coefficienEs: N2 and 0" ions in E layer, Ng, N+, and O; ions in F,, and in
Fo layer Oz and NE. Note that the major ions in ionized layers should have a
small effective recombination coefficient as shown in Table 6 (NO' and 0% in

E layer, NOt in F,, and 0% in Fs layer).

The discrepancies between the calculated values of effective recombina-
tion coefficients of electrons and their observed values, which may differ by
one order or more (Bourdeau, et al., 1966) may be accounted for by the un-
certainty in the values of, (1) recombination coefficients and their varia-
tions with temperature, and (2) the ion density. Furthermore, while deriving
effective recombination coefficients, the flow of ions has not been con-
sidered. If the lons flow into the region where the electron density varia-
tion with time is considered, it will effectively increase the electron pro-
duction and if they flow out, the loss term is increased.

16




wée r.f ¢
Ty 3y Z+F R<o+ A+§v
_+ 3 - JI%p
u T T Q ¢
ZX)u ¢
wn@cw (+28) 9% (L ZR)+Tx+ (2R)+Fx
£ToAT9
~dadsaa SUOT aBTnooTOU
pus oﬁsopd JI9F9X WB axaym
30 c ap UOTJBUTqUODSI
= T = & ST = —
T = Hd %ﬂwmnnﬂv w b7 = 39 A+vaﬁmﬁw u-Fo7 = 3 aATyB]00SSTP £q POMOT
qw up ~T0F a8usyoxa a3a18Y) °*IIL
158 e S S Y 147 T
ma e Fmdw = 0 L+ B+ H( L AX)
1P ip
Ty = F¥% oyutul-Th = —— Thy = JI9% , Tu@y7Pu-Fby = —— UOT3BUTQUOD
T + m Mﬁ@ % M ™ Sup -1 SATYBIOOSSTO "IT
() T
ay Amzﬂmdwwa+mcwnnﬁdwv —=
¥ + = ¥3% >£+mwém+nw
ut F 13
%0 I
+
(JuFoogPus: mﬂnnﬁdwv — - ATHTReo+1X
. _ &3 o 18 0 [T Tu Fp _ 2P N+T _ ggep AT _ 3P UOTLBUTAWODT
b = Md (TutTo+Iut og) u-Th = Tup ﬁww Tog Sup OJUOT PUB 9AT}BTPRY ‘I
+
TUST0T4590) UOTT FUST511J500 OIS
-BUTQUODIY OATIOSFIE PUB uogyenbg —BUTqUWODSY SATO8IIT PUB uofyenbg
838y UOTIONPOLS SATHOSIFE 21BY UOTONPOIJ SATIO9JIT ss2004g

K7]suUsQ UOI SATAIFSOJ JO UOTFBIIBA JO 048 SWfy

X3 T5UsQ UOa309[d JO UOJ3BTIBA JO 8364 OWl]

SNOIIVNIGWOOHY 40 SHJAL INIYHASTA ¥O04 SNOHLOITH ANV SNOI HAILISOd HOAL
SINIIDTALHOD NOILVNIEWOORTY HAILOZALH ANV SHIVH NOILONIOYd HAT ™ -LJLdd

S TTEVL

17



TABLE 6

EFFECTIVE RECOMBINATION COEFFICIENT OF POSITIVE IONS AND ELECTRONS

Effective Recombination Coefficients (cmBSec‘l) of

Altitude Positive Ions and Electrons
(km) o¥ o N+ N5 NO+ ne
110 1.9x1075  5.0x10-7 9.4x10-6 2.0x10"5 3.7x10"7 L4.Lx10-7
180 1.6x10°7  1.73x10°6  3.8x10°6  6.0x10-6  6.4x10-8 3.2x1077
260 3.8x10-9  1.7x10-7 3.9x10-8 2.2x106  k4.5x10-8 8.8x1079

18




5. DIFFUSION OF POSITIVE IONS

The diffusion of positive ions through the atmosphere can be obtained
from the altitude distribution of total positive ion density by considering
an electron-positive ion plasma moving as a minor constituent through the
neutral gas (the electrostatic force between them enables the plasma to move
as a whole). Writing the continuity equation, namely

a¥ni
at

Zq - 2L - div(Zn;v)
where
Zqi - rate of production of all positive ions
ZLi - rate of their losses
- density of total positive ions having a mean drift v,

it can be shown that (Ratcliffe, 1960)

-div(Qnlv) = - ——2EL =
1 dz dz \ dz  2H

Tnl oSl
+p| =L, L
dz? 2H dz

Neglecting the presence of negative lons,

a(Zni)  gp dne dng
dz T dz dz d22 2H dz

ad(w2nl) ap @nt znt>

where
w - upward component of v

H - scale height of electron-ion mixture
9X1016T1/2

n

D - ambipolar diffusion coefficlent of ions = sin®I (Nawrocki,
et al., 1963) where n is the density of
neutral gas, I, the inclination of the earth's magnetic field and T,

the ion temperature.
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Assuming that the ions move vertically so that sin I = 1 (actually this
is true at magnetic poles), d(wZn;)/dz is calculated from the curve relating
the variation of total positive ion density with altitude (Fig. 1) and is
shown in Table 7. The negative sign at 270 km is due to the change of curva-
ture of the curve from 250 km. It is to be seen that the diffusion of the
positive ions is very small at low altitudes and at 270 km becomes only 1-2%
of the total loss rate. Therefore, in agreement with Sagalyn, et al. (1963),
even at the altitude of F2 peak, the diffusion of positive ions is unimportant.

TABLE 7

DIFFUSION OF POSITIVE IONS

F
Altitude (km) - gﬁﬂ%gll (sec™l em™3)
150 3.2
180 8.7
210 2.0x10t
240 2.8x10%
270 -2.0x10%
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